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Mathematical modeling has been used by several workers to study thermal management in batteries. For example, Evans and White 5 examined thermal runaway in a Li/SOCl 2 system by assuming a localized random hot spot near the center of a spiral cell. Evans and White's work focused on predicting thermal profiles and examining conduction of heat out of the cell. Chen and Evans 6 examined the impact of a single short-circuited cell on the cell stack of a lithium-ion battery. Chen and Evans show results of the cell stack's thermal performance under various discharge currents and heating rates associated with those currents. Verbrugge 7 examined the effect of a variety of parameters (i.e., convective heat-transfer coefficient, exchange current density, tortuosity, etc.) on the center temperature of a cell stack of a lithium-ion cell and how thermal runaway in a single cell can affect the remaining cells in the stack. Both Chen and Evans 6 and Verbrugge 7 based their models on idealized versions of the system. Pals and Newman 8 developed a mathematical model to predict thermal behavior of a lithium/polymer battery, based on the one-dimensional model by Doyle et al. 9 In their paper, Pals and Newman 8 present simulation results for the Li/PEO 15 -LiCF 3 SO 3 / TiS 2 system operating isothermally, adiabatically, and with transfer of heat to the surroundings. We have taken a similar approach, also based on the one-dimensional model by Doyle et al. 9 In our case, we have included a decomposition reaction for the carbon anode in the energy balance.
Model Development We have modeled the galvanostatic charge/discharge behavior of the Li x C 6 /Li y NiO 2 cell sandwich, as shown in Fig. 1 , based on the model developed by Doyle et al. 9 This is a pseudo two-dimensional problem with transport of lithium ions across the cell and within the solid-phase particles, which are assumed to be spherical. Furthermore, in order to avoid unnecessary complexity, volume changes associated with electrode expansion and contraction during cycling have been ignored.
A variety of side reactions may take place in a lithium-ion battery at elevated temperatures. For example, the electrolyte may decompose, 10 the positive electrode may decompose, 11 and the negative electrode may decompose. 12 Of these, we have included a decomposition reaction of the negative electrode in our energy balance 12 2Li x C 6 ϩ ␦C 3 H 4 O 3 r ␦Li 2 CO 3 ϩ ␦C 2 H 4 ϩ 2Li xϪ␦ C 6 [1] where ␦ represents the extent-of-reaction. This reaction is the same reaction that has been proposed to take place during the first charge cycle of a lithium-ion battery when the solid-electrolyte interface is formed. 12 This is an exothermic reaction with a heat of reaction of Ϫ289 kJ/mol of lithium reacted. 13 We have chosen this mechanism to include in an energy balance because it occurs at a relatively low temperature in comparison to the positive electrode and electrolyte decomposition reactions. Von Sacken et al. 12 described a first-order reaction rate for the reaction described in Eq.1
where ᑬ is the rate of reaction, k 1 is the reaction rate constant, c ෆ * each of the particles in the negative electrode (calculated from an overall mass balance in the particles of the electrode according to the equations shown in Appendix A), E A is the activation energy for Eq. 1, R is the universal gas constant, and T is the cell temperature. The values for k 1 and E A were estimated in order to fit the experimental data given by Von Sacken et al. 12 We have added a term that accounts for energy liberated from the reaction in Eq. 1 (i.e., Ϫ⌬H rxn ᑬ) to a general energy balance of an insertion battery system described by Rao and Newman. 14 The assumptions used by Rao and Newman 14 still apply: (i) the temperature is uniform throughout the cell at a given instant in time; (ii) the heat capacity of the cell (C p ) is calculated as an average of all the components of the cell and is assumed to be a constant evaluated at T ϭ 25ЊC; and (iii) enthalpy of mixing and phase-change terms were neglected; further discussion about the effects of these terms can be found in Ref. 15 .
Therefore, the energy balance in the system can be expressed as
where is the cell density, C p is the constant-pressure cell heat capacity, t is time, Q
• is the heat transfer rate from the cell to the environment, a 3,1 and a 3,2 are the interfacial areas of solid-phase particles per unit volume of porous electrodes for the anode and cathode, respectively (see Appendix B), i n,1 and i n,2 are the local interfacial current densities in the anode and cathode, respectively, U H,1 and U H,2 are the local enthalpy potentials, 14 v 1 and v 2 are the volumes of the anode and
cathode, respectively, v c is the volume of the cell, a 1 is the geometric electrode surface area per unit volume of the cell, i app is the applied cell current density, and V is the cell potential. The first two terms on the right side of Eq. 3 describe the electrochemical heat generation rate, as described by Rao and Newman. 14 The heat-transfer rate from the cell to the environment, Q
• , is represented by
where a 2 is the ratio of cell surface area to geometric electrode surface area, h c is the heat-transfer coefficient for the cell, and T amb is the ambient temperature outside the cell. Note that by multiplying by a 1 and a 2 , the heat-transfer from the cell is per unit volume of the cell. The enthalpy potential is given by 14 [5] 
Substituting Eq. 6 into Eq. 3, followed by integrating the appropiate terms over the electrode volumes (v 1 and v 2 ), and considering that the local interfacial current densities are defined negative and positive for the cathodic and anodic reactions, respectively, yields [7] where I is the total applied current for the cell. Knowing that the difference between U 2 and U 1 is the open-circuit potential of the cell (U ocp ) and that the ratio of I/v c is equal to a 1 multiplied by i app , Eq. 7 becomes [8] The term on the left of Eq. 8 accounts for the sensible heat, the first term on the right accounts for the heat transfer to the ambient,
⌬ ᑬ the second term accounts for ohmic heating of the cell, and the last term accounts for the heat generated during the decomposition reaction of the anode. The remaining equations governing the performance of the lithium-ion cell system have been described by others 9, 16 and are summarized in Appendix A. The initial conditions for the simulations are shown in Table I . Equation 8 was used for the energy balance in the lithium-ion cell under normal operation of the cell before the separator melts (i.e., below 135ЊC). If the temperature of the cell rises above 135ЊC, we assume that the separator melts, and the model with the equations described above no longer applies. Consequently, when the cell is above 135ЊC, the model of the cell is changed to that for a batch reactor (see Eq. A-29) with an energy balance given by Eq. 8 with no ohmic heating (i.e., the second term on the right of Eq. 8 is dropped).
Results and Discussion We modeled a cell sandwich (see Fig. 1 ) consisting of a petroleum coke carbon negative electrode, a microporous polyethylene separator, and a nickel dioxide positive electrode. The electrolyte used was lithium perchlorate with propylene carbonate (PC) as the solvent. The polyethylene separator was assumed to be inert with a void fraction of ⑀ s ϭ 0.55. A nickel dioxide positive electrode was chosen because the open-circuit potential function available for nickel dioxide describes the entire range of intercalated lithium (0.45 < y < 1.0) 17 ; in addition, nickel dioxide electrodes have a higher capacity than cobalt dioxide electrodes. However, nickel dioxide electrodes have been found to be less safe than cobalt dioxide electrodes. 18 Lithium perchlorate was chosen as the electrolyte because transport data are available for this electrolyte. Important model parameters for this system are listed in Table II . The cell density was calculated based on the density of the individual components of a lithium-ion battery, as shown in Appendix B. The maximum solid-phase concentrations were calculated based on the theoretical density of the solid-phase active materials when x ϭ 1 and y ϭ 1, for the negative and positive electrode, respectively. Figure 2 presents the cell potential as a function of the lithium fraction, y, in Li y NiO 2 , where the cell potential, V, is calculated from the differences in the solid-phase potential at the two current collectors V ϭ 1 |zϭL1ϩLsϩL2 Ϫ 1 |zϭ0 [9] Intercalation fractions for the cathode material range from a fraction of y ϭ 0.45 in the fully charged state to y Ϸ 1.0 in the fully dis- charged state. In actual cells, the y fraction in fully discharged cells only approaches values close to 1.0 due to the small amount of lithium lost during the first cycle. The negative electrode fraction, x, in Li x C 6 , cycles between a fully charged fraction of 0.5 and a fully discharged fraction approaching 0.0. The dotted line in Fig. 2 represents the open-circuit potential of the cell and was calculated from Eq. A-15 and A-16, which describe the open-circuit potential for both electrodes as a function of solid-phase lithium concentration at T amb ϭ 25ЊC. The applied current densities of 2.02, 4.04, and 6.06 mA/cm 2 , represent C/2, 1 C, and 3 C/2 theoretical discharge rates (see Appendix B), respectively. A heat-transfer coefficient of 5 W per square meter of cell surface area per kelvin was used for most results shown in this paper. This value was used to represent a cell in a battery pack. The cell was assumed to be an 18650 sized cell (i.e., a cell with an 18 mm diam and 65.0 mm height) which has approximately 500 cm 2 of geometric electrode surface area for each electrode in the jelly roll per 42 cm 2 of external cell surface area. 19 These values are used to calculate the parameter a 2 (see Appendix B).
Before going into the analysis of the influence of some design parameters on the thermal behavior of lithium-ion batteries, it is useful to predict approximately the influence of the temperature dependence of some of the transport properties (solid diffusion coefficients, electrolyte diffusion coefficient, electrolyte transference number, solid-phase or electronic conductivity, and solution-phase or ionic conductivity) on the behavior of the cell. Unfortunately, transport properties for lithium-ion cells are not available for a wide range of temperatures. Consequently, we made estimates of these based on the following approximations 1. The temperature dependence of the diffusion coefficients of Li ϩ in the solid and solution phases, the ionic conductivity, and the electronic conductivity follow an Arrhenius expression.
2. The diffusion coefficient of the electrolyte (D) was estimated from the data given by Soetens et al. 20 ; in their work, the diffusion coefficients for LiBF 4 in PC were calculated using molecular dynamic simulations at two different temperatures: 25 and 50ЊC. A ratio between the diffusion coefficient of LiClO 4 /PC at 25ЊC given by Sullivan et al. 21 and the one for LiBF 4 /PC given by Soetens et al. 20 was calculated and used to determine D 0ϩ and D 0Ϫ of LiClO 4 /PC at 50ЊC; with these two values Arrhenius expressions for D 0ϩ and D 0Ϫ of LiClO 4 /PC were calculated; these expressions are presented in Table III . The diffusion coefficient of the electrolyte (D) was calculated from the diffusion coefficient of the different species in the solvent (D 0ϩ and D 0Ϫ ) by using the following expression 22 [10] where z ϩ and z Ϫ are 1 and Ϫ1, respectively. The transference number of the lithium ions in the solvent (t ϩ 0 ) was calculated from the diffusion coefficient of the different species in the solvent 22 [11] 3. The diffusion coefficient of the lithium ion in the petroleum coke anode (D s1 ) was estimated from the data given by Yu et al. 23 ; in their work, diffusion coefficients for an Aldrich artificial graphite at two different temperatures (25 and 55ЊC) were measured experimentally using impedance techniques. The same procedure used to estimate the diffusion coefficient of the electrolyte was used to estimate the expression for D s1 in petroleum coke based on the value given by Doyle et al. 24 The Arrhenius expression for D s1 is given in Table III. 4. The solid diffusion coefficient of lithium ions in the Li y NiO 2 cathode (D s2 ) was estimated from the data given by Basu and Worrell 25 ; in their work, diffusion coefficients for Li x TaS 2 at two different temperatures (30 and 70ЊC) were measured experimentally. The procedure explained before was used to estimate the expression for D s2 in Li y NiO 2 based on the value given by Bruce et al. 26 The Arrhenius expression for D s2 is presented in Table III .
The ionic conductivity of the electrolyte ( ) was estimated from the expression given by Verbrugge 7 for the temperature dependence of the ionic conductivity of LiAsF 6 in PC (1 M). The same procedure used to estimate the diffusion coefficients was used to estimate the ionic conductivity of LiClO 4 in PC, based on the expression given by Doyle. 27 The expression for the ionic conductivity is given in Table III. 6. The influence of the electronic conductivity of the solid phases ( k ) on the predicted temperature profiles was checked by changing the values of k by one order of magnitude. No changes were observed in the results based on these changes in k . Figure 3 presents the predicted temperature of the cell as a function of time when the transport properties were evaluated at different temperatures: 25, 75, and 125ЊC. This figure shows the results for a galvanostatic discharge (at 12.12 mA/cm 2 ) to 2.2 V cutoff voltage, followed by the relaxation of the cell (no current applied) for an additional 20 min. The simulation started with an initial temperature of 75ЊC. It was predicted to take about 4.00, 5.20 and 6.00 min to reach the cutoff voltage at this discharge rate for the transport properties evaluated at 25, 75, and 125ЊC, respectively. The additional conditions of this simulation are given on the figure. The purpose of this figure is to demonstrate the effect of using the transport properties at 25ЊC vs using them at a temperature of 125ЊC (maximum temperature reached) or at the initial temperature T 0 ϭ 75ЊC. Curve 1 presents the results with all the transport properties (D, t 0 ϩ , , D s1 , and D s2 ) evaluated at 25ЊC, curve 2 shows the results with all the properties evaluated at 75ЊC, while curve 3 gives the results when all the properties are evaluated at 125ЊC. As shown in Fig. 3 , the qualitative behavior of the three curves is the same, and the temperatures predicted are close to one another. Since the three curves in Fig. 3 are similar and close to one another, and experimental data are not available for the transport properties of this system at different temperatures, all the transport properties used here were evaluated at 25ЊC. Figure 4 presents the predicted temperature of the cell vs. stateof-discharge when the cell was discharged galvanostaticaly at different current densities to a 2.2 V cutoff voltage. The 15ЊC temperature rise at the 4.04 mA/cm 2 discharge rate, as shown in Fig. 4 , is approximately in agreement with the measured temperature rise observed in our laboratory for an 18650 Li x C 6 /Li y CoO 2 cell at the same discharge rate. As expected, because of ohmic heating, a higher discharge rate heats the cell faster, as shown in Fig. 4 . Figure 5 shows how the predicted cell temperature depends on the heat-transfer coefficient at the surface of the cell, for a discharge current density of 12.12 mA/cm 2 . The values for the heat-transfer coefficient represented in this figure range from 0 to 25 W/(m 2 K). This range represents various degrees of insulation observed from placing cells in battery packs where h c would be expected to vary between about 0 to 25 W/(m 2 K). 6 Figure 6 presents the predicted temperature of the cell for different positive and negative electrode porosities. The cell was dis- 
charged galvanostaticaly, 4.04 mA/cm 2 , to a 2.2 V cutoff voltage. Nagarajan et al. 28 showed that the porosity of a porous electrode can vary between 0.17 and 0.375 with different combinations of particle sizes. Since Nagarajan et al. 28 showed that the various porosities can be achieved only with different particle size distributions, the 10 m particle size used to prepare Fig. 6 represents an average value. As shown in Fig. 6 , when the porosity of the electrodes is reduced, the temperature in the cell rises, as expected since more active material is in the cell. Figure 7 presents predicted cell temperatures vs. state-of-discharge for different positive and negative electrode thicknesses. The applied current density was varied in order to keep constant the theoretical discharge rate (1 C), while an initial and ambient temperature of 25ЊC and a galvanostatic discharge to a 2.2 V cutoff potential was used. This figure shows that thinner electrodes heat up less during this theoretical discharge rate of 1 C. Cells constructed of thinner electrodes operate at a relatively lower concentration overpotential and thus have a lower heating rate. Figure 8 presents the predicted temperatures and cell voltages for different negative electrode particle sizes. The cell was discharged galvanostaticaly to a 2.2 V cutoff voltage. Figure 8a shows that the heating rate of the cell depends strongly on the active material particle size in the negative electrode at moderate theoretical discharge rates (6.06 mA/cm 2 , 3 C/2). Note that the particle size in the positive electrode is relatively unimportant because of the high lithium diffusion coefficient in nickel dioxide. Figure 8b shows that the bigger the particle size in the negative electrode the faster the cell reaches the cutoff potential due to polarization. This effect is due to an increase in the solid-state diffusional limitations and an increase in the surface overpotential (due to smaller surface area for the electrochemical reaction), because of the large particle size. Since cells with larger particles reach the cutoff voltage during discharge in less time, the ohmic heat generated is larger (according to the second term on the right of Eq. 8) causing a higher temperature (see Fig. 8a ). At discharge rates below C/2, the effect of the particles size in the negative electrode on the temperature of the cell was found to be insignificant. Figure 9 presents the predicted temperatures and the cell potentials at high discharge rates. The cell was discharged galvanostaticaly at different current densities to 2.2 V cutoff. Figure 9a shows that the temperature increases with larger discharge rates, due to ohmic heating. However, it is important to point out that the temperatures shown in Fig. 9a are the maximum that can be reached in the system because the cells have already reached the 2.2 V cutoff potential, according to the results presented in Fig. 9b . Figure 10 presents the predicted cell temperature vs. time for different negative electrode material particle sizes at an initial temperature of 75ЊC for a galvanostatic discharge to 2.2 V and a resting period (no current) for 20 additional min. Two different current densities were used: 20.20 in Fig. 10a and 12 .12 mA/cm 2 in Fig. 10b . As expected, the behavior shown in the figures indicates a heating process during the discharge (ohmic heating) and a cooling process after the cutoff potential has been reached. Figures 10a and b show that electrodes with larger particle sizes heat up faster, because the cell is more polarized; also, the time required to reach the cutoff potential is shorter for the larger particles. Consequently, the final temperature of a cell with smaller particles is higher than the final temperature of a cell with larger particles because the cell with smaller particles does not reach the cutoff voltage as soon as a cell with larger particles. These results indicate that electrodes with smaller particles are more likely to cause heating of the cell under the conditions described. Another important point is that the cell discharged at the lower current density (12.12 mA/cm 2 ) reaches a higher temperature than the cell discharged at the higher current density (20.20 mA/cm 2 ) for a given particle size (compare Fig. 10b to a) . Figure 10b also shows that the electrode with 15 m of particle size reaches 135ЊC, which would cause the separator to melt. Since a melted separator would prevent any diffusion of Li ϩ across the separator, the cell would behave like a batch reactor (because the decomposition reaction of the negative electrode would continue to take place after the separator melts). The equations used in this case and the procedure used to make predictions of the cell temperature are given in Appendix A. Figure 11 presents the predicted cell temperature for various values of the heat of reaction and activation energy of the decomposition reaction of the carbon anode electrode. Figures 11a and b show that depending on the values of the heat of reaction and the activation energy, different rates of heating of the cell may take place. The predictions presented in Fig. 11 are based on the results given in Fig. 10b for the 15 m particle size. As shown in Fig. 10b , the cell was assumed to behave as a batch reactor after t ϭ 5.95 min, and at this time, the last average concentration in the anode is c ෆ * s,1 ϭ 0.324 molar (calculated with Eq. A-27). Figure 11 indicates that it is very important to obtain accurate values for the activation energy and the heat of reaction for the decomposition of the negative electrode because for the case when ⌬H rxn ϭ Ϫ2.8 ϫ 10 5 J/mol and E A ϭ 25 ϫ 10 3 J/mol (see Fig. 11b ) the cell could continue to heat up above the melting point of the separator.
Conclusions
The model predictions presented here indicate that the negative electrode active material particle size (assumed to be spherical) is an important parameter in the heating rate of the cell for high and moderate discharge rates. Larger particles cause higher heating rates due to surface overpotential, and solid-state diffusion limitations. Carbon electrodes made with small particles lead to higher temperatures in the cell, because at high and moderate discharge rates, the total heat generated by the cell with small particles in the negative electrode is larger than that with big particles because it takes longer to reach the cutoff voltage for the cell with smaller particles and the cell continues to heat up during this time.
The contribution of the self-heating of the carbon electrode (due to the decomposition reaction) to the total heat of the cell is negligible compared to the ohmic heat except at relatively high temperatures. The activation energy and the heat of reaction of the anode decomposition play a significant role in the thermal behavior of the cell, therefore very accurate values of these parameters are needed to improve the predictions of the model presented here.
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Appendix A Summary of Model Equations
The model includes three regions, as shown in Fig. 1 . In the liquid-phase of both electrodes, the equations are 27 k ϭ 1, 2 (see Fig. 1 ) [A-1] where the reaction term due to the decomposition of the anode electrode has been neglected, due to the insignificant change in the concentration caused by this term compared with the diffusion and migration processes in the cell.
The effective diffusion coefficients, D eff,k , are calculated using Bruggeman correction, which leads to 27
where the diffusion coefficient, D, is given by Eq. 10. The current density in the liquid-phase is given by
where the potential 2 has been defined with respect to a lithium reference electrode. For a single electrode reaction such as
The pore-wall flux of Li ϩ across the solid/liquid interface is given by
For a general lithium insertion process, the following form is assumed 16 Li
where s represents a site in the solid insertion material. From this reaction, n ϭ 1 and s ϩ ϭ Ϫ1. Therefore, Eq. A-5 becomes
The potential in the solid phase of the electrodes is given by 16 [A -8] where i 1 is the current density in the solid phase and is equal to the difference between the applied current density and the current density in solution phase (i.e., i 1 ϭ i app Ϫ i 2 ). The solid diffusion of Li ϩ in the particles of the electrodes is given by (assuming spherical particles) Figure 11 . Effect of the parameters of the decomposition reaction of the anode in the temperature of the cell after the separator has melted (T ϭ 135ЊC). The data presented here has been calculated using Eq. 8 (without the ohmic heat term) and Eq. A-29, the initial input for these equations are the last values obtained from the simulation given in Fig. 10b after the galvanostatic discharge (t ϭ 5.95 min) for the anode particle radius r 1 ϭ 15 m; (a) effect of the enthalpy of reaction (⌬H rx ), and (b) effect of the activation energy (E A ).
[A-10]
The two phases are related with the boundary condition at the surface of the solid-phase particles, where 27 [A-11] Since the diffusion coefficients in the solid phase (D sk ) were taken to be constant Eq. A-9 to A-11 can be solved independently by the method of superposition transforming the pseudo-two-dimensional problem in onedimensional as made by Doyle et al. 9 The solution of Eq. A-9 to A-11 is given as Eq. 2-74 in Ref. 27 .
Furthermore, the pore wall flux, j ϩn,k is represented by the Butler-Volmer form of the electrode kinetics such that
where the exchange current density is given by 27
where the overpotential, s is defined as In the separator region Eq. A-1 and A-3 apply with j ϩn,k ϭ 0, the value of the porosity corresponds to the porosity of the separator, ⑀ s , and the effective diffusivity becomes the effective diffusion coefficient of the separator, D eff,s . The initial and boundary conditions used are
The equations for the internal interfaces z ϭ L 1 and z ϭ L 1 ϩ L s are -26] There are two independent variables (i.e., t and z) and six dependent variables (i.e., c, 2 , i 2 , j ϩn,k , 1 , and c s,k ). The six independent equations for these variables are A-1, A-3, A-7, A-8, the solution of A-9 to A-11 (given by Doyle 27 ), and A-12. These equations were discretized by using the CrankNicolson method with three-point finite difference formulas for both the first and second derivatives. The resulting coupled nonlinear algebraic equations were solved by using Newton-Raphson iteration with the BAND(J) algorithm developed by Newman. 29 For the internal boundary conditions the control volume method was used as discussed in Ref. 27 .
After solving these equations, the average concentration of Li ions at the surface of the carbon particles in the anode was obtained at a given time by [A-27] where the lithium concentration at the surface of the particles is obtained by the solution of Eq. A-9 to A-11. 27 This average concentration was used to evaluate the reaction rate of the anode decomposition, using Eq. 2. Equation 8 was solved to obtain the temperature at the given time, using the initial condition
It can be noticed that the solution of Eq. 2 and 8 implies an iteration procedure since Eq. 2 also depends on temperature. The procedure explained above is used during the normal charge or discharge of the battery. If the temperature of the cell reaches the melting point of the separator (T ϭ 135ЊC), the system is modeled in a different way. In this case, the equation for the energy balance is changed by dropping the ohmic heat term (second term on the right of Eq. 8) in Eq. 8; the resultant equation is coupled with the following mass balance in the negative electrode [A-29] It is worth mentioning that a general mass balance in the cell was not performed because the change in the concentration due to the decomposition reaction of the anode was insignificant. The initial condition for Eq. A-29 is given by Eq. A-27 evaluated at the time at which the separator melts. Therefore, after the separator melts, only two equations are used, A-29 and the modified Eq. 8.
Appendix B Cell Parameters and Densities
The volume of the cell is defined by
where the projected surface area of the electrodes, S, was assumed to be equal to 0.05 m 2 . The thickness of the cell, L, is given by
where L c,1 and L c,2 represent the thickness of the current collectors in the negative and positive electrodes, respectively. L 1 , L s , and L 2 represent the thickness of the negative electrode, separator, and positive electrode, respectively as shown in Fig. 1 . The external surface area of the cell, S e , is given by
where the radius of the 18650 cell and the height are r c ϭ 9 mm and h ϭ 65 mm, respectively. The symbol f o is a conversion factor equal to 1 ϫ 10 Ϫ6 m 2 /mm 2 , therefore S e is given in m 2 .
The geometric electrode surface area per volume of the cell, a 1 , is calculated from [B-4] The ratio of external cell surface area to geometric electrode surface area, a 2 , is calculated from
The interfacial area of solid-phase particles per unit volume of porous electrode, a 3,k , is given by 27 [B-6] The ratio of the solid volume of the anode insertion material to the volume of the cell, a 4 , is [B-7] The maximum concentration of lithium ions in the solid phase is given by 27 [B-8] where the density of the insertion materials, i,k , is defined with x ϭ 1 and y ϭ 1, for the negative and positive electrode, respectively; and C c,k is the theoretical coulombic capacity of the electrode k. The symbol f 1 is a conversion factor equal to 3600 (A g s)/(mA kg h).
The theoretical coulombic capacities of the electrodes were calculated using Faraday's law, and they were corrected by a factor to account for the range of the insertion fraction of lithium in which the open-circuit potential is given. These theoretical capacities are [B-9] where M k is the molecular weight of the electrode insertion material with x ϭ 1 for the anode and y ϭ 1 for the cathode, and is given in g/mol. The electrode capacity correction factor for the cathode was assumed to be c f,2 ϭ 0.55. In the anode, the correction factor was assumed to be c f,1 ϭ 1.0, in order to evaluate the effect of having the complete capacity of the negative electrode (since its decomposition reaction has been considered in the model). The symbol f 2 is a conversion factor equal to 3.6 (A s)/(mA h).
The applied current density equivalent to a theoretical 1C discharge rate was calculated based on the theoretical coulombic capacity of the negative electrode -10] where the density of the negative insertion material, i,1 , is defined with x ϭ 1, the initial and final intercalation fractions in the negative electrode are equal to x 0 ϭ 0.5 (see Table I ), and x f ϭ 0 (completely discharged), respectively. The symbol f 3 is a conversion factor equal to 0.1 (g m 2 )/(kg cm 2 ). The density of the cell is calculated from [B-11] where c,k and s represent the density of the current collectors and separator, respectively. The density of the insertion materials, i,k , is defined with x ϭ 1 and y ϭ 1, for the negative and positive electrodes, respectively. The densities of the individual components of the cell are given in Table II . 
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